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Abstract
Cancer is now understood to be a process that follows Darwinian evolution. Het-
erogeneous populations of cancerous cells that make up the tumor inhabit the
tissue ‘microenvironment’, where ecological interactions analogous to predation
and competition for resources drive the somatic evolution of cancer. The tumor
microenvironment plays a crucial role in the tumor genesis, development, and
metastasis processes, as it creates the microenvironmental selection forces that
ultimately determine the cellular characteristics that result in the greatest fitness.
Here, we explore and offer new insights into the spatial aspects of tumor–micro-
environment interactions through the application of landscape ecology theory to
tumor growth and metastasis within the tissue microhabitat. We argue that small
tissue microhabitats in combination with the spatial distribution of resources
within these habitats could be important selective forces driving tumor invasive-
ness. We also contend that the compositional and configurational heterogeneity
of components in the tissue microhabitat do not only influence resource avail-
ability and functional connectivity but also play a crucial role in facilitating
metastasis and may serve to explain, at least in part, tissue tropism in certain can-
cers. This novel work provides a compelling argument for the necessity of taking
into account the structure of the tissue microhabitat when investigating tumor
progression.
Introduction
Although our understanding of cancer biology and genetics
has greatly improved since Richard Nixon’s 1970s call to
arms against cancer, the treatments developed have not
lived up to the expectations (Jemal et al. 2009; Ryan et al.
2010; Colotta 2011; Drake 2011). For this reason, there has
been a growing need for a shift in the way cancer is tradi-
tionally studied and treated (Merlo et al. 2006; Pienta et al.
2008; Aktipis et al. 2011). It is within this context that a
fundamentally different approach to cancer research has
emerged: the study of cancer as a process following Dar-
winian evolution (Cairns 1975; Nowell 1976; Crespi and
Summers 2005; Merlo et al. 2006). This Darwinian frame-
work provided a novel paradigm that allowed researchers
to use evolutionary theory to elucidate mechanisms that
drive natural selection among cancerous cells within the
tumor (Crespi and Summers 2005; Pienta et al. 2008; Gate-
nby et al. 2010; Colotta 2011). Here, genetically and epige-
netically heterogeneous populations of cancerous cells that
make up the tumor are described as inhabiting the tissue
‘microenvironment’, where ecological interactions such as
predation and competition for resources drive the somatic
evolution of cancer (Crespi and Summers 2005; Pienta
et al. 2008; Bozic et al. 2010; Marusyk and Polyak 2010;
Greaves and Maley 2012).
Several interdisciplinary studies that used or inferred
from well-established ecological models to predict cancer
growth or metastasis arose from this conceptual break-
through. For instance, Gonzalez-Garcıa et al. (2002) used
classic metapopulation models designed to predict popula-
tion persistence within a patchy habitat to study the
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dynamics of tumor heterogeneity; Gatenby et al. (2009a, b)
developed novel cancer treatment protocols by adopting
techniques used in the control of invasive species; Marco
et al. (2009) drew on the similarities between tumor metas-
tasis and long-distance dispersal by plants to develop pre-
dictive models for tumor metastasis; and finally, Ryan et al.
(2010) compared tumor growth and metastasis to subur-
ban sprawl development. A finding that was consistent in
all these interdisciplinary studies, and also confirmed by
recent molecular, genomic, and modeling works (Chung
et al. 2005; Anderson et al. 2006; Castello-Cros et al. 2009;
Polyak et al. 2009; Egeblad et al. 2010; Lee et al. 2011), was
the crucial role played by the tumor microenvironment in
the processes of tumor genesis, development, and metasta-
sis. While tumor cells are continuously evolving through
cumulative genetic and epigenetic changes, it is the selec-
tion forces in the microenvironment that ultimately deter-
mine the cellular characteristics that will result in the
greatest fitness (Hanahan and Weinberg 2011). This is
exemplified by the fact that not only tumor growth, inva-
siveness, and metastasis were influenced by resource avail-
ability, the former were also shown to be greatly affected by
the spatial arrangement of noncancerous cells and macro-
molecules in the tumor microenvironment (Anderson
et al. 2006; Lee et al. 2011). A heterogeneous spatial
arrangement drives selection toward a few dominant
clones, with a high propensity to emigrate from the tumor
(metastasis), with invasive (fingering margins) tumor mor-
phology, whereas homogeneous spatial arrangements allow
for the coexistence of many phenotypes, more or less
aggressive, with noninvasive (smooth margins) tumor mor-
phology (Anderson et al. 2006; Chen et al. 2011; Lee et al.
2011).
Here, we explore and offer new insights into the spatial
aspects of tumor–microenvironment interactions by com-
paring landscape ecology theory with tumor growth and
metastasis within the tissue microhabitat, an approach that
has already successfully applied to health problems such as
antibiotic resistances in wildlife (Singer et al. 2006). Land-
scape ecology provides the ideal framework for this task as
it explicitly addresses the effects of composition and spatial
configuration of mosaics (grouping of discrete patches) on
a wide range of ecological responses (e.g., abundance and
distribution of organisms) (Wiens et al. 1993). The under-
lying premise of landscape ecology is that the composition
and configuration of a landscape mosaic affect ecological
systems in ways that would be different if the mosaic com-
position or configuration were different (Wiens 1995).
First, we define certain key concepts of landscape ecology
theory and then draw parallels between the various constit-
uents of the tissue microhabitat, the tumor, and the tumor
development process to these concepts. We then briefly
highlight similarities between processes that govern plant
and animal population growth, spread, and long-distance
dispersal in heterogeneous landscapes with those of tumor
growth, local invasion, and metastasis in the tissue micro-
habitat to provide novel perspectives on the spatial mecha-
nisms that govern the latter. Lastly, we take advantage of
insights obtained from research documenting the impacts
of agricultural intensification on biodiversity to comment
on some of the newly proposed avenues of cancer therapy.
Defining the tumor microhabitat landscape and
the ecology of the tumor and tumor development
process
An important goal of landscape ecology is to understand
how landscape structure affects population dynamics (e.g.,
births, deaths, movement, species interactions, etc.) and
the resulting abundance and distribution of organisms
(Fahrig 1999). Although most people have an intuitive
understanding of what is meant by landscape, landscape
structure, and population dynamics, we will, nonetheless,
define these and other commonly used terms, as they are
the conceptual foundations from which we will build (see
Table 1 for complete list of definitions).
Tissue microhabitat landscape and structure
As noted by Turner et al. (2001), landscapes are generally
thought of as expanses of land and water that can be
observed from a vantage point and are therefore subject to
the perspective of the ‘observer’, that is, organism or group
of organisms. If we consider the fact that most organisms
experience/view their surroundings at very different scales
(e.g., cancer cells versus small wasps versus migratory
birds) (Daoust et al. in press), a general definition of what
constitutes a landscape must therefore be broad enough to
encompass any area at any relevant scale. Thus, a landscape
is broadly defined as an area that is spatially heterogeneous
in at least one factor of interest.
Tumors, as approached from an ecological perspective,
can be seen as populations of cancerous cells that inhabit
a noncancerous, organotypic tissue microhabitat (De
Wever and Mareel 2003; Chung et al. 2005; Castello-Cros
et al. 2009; Marusyk and Polyak 2010; Lee et al. 2011).
This heterogeneous microhabitat consists of many compo-
nents including noncancerous cells (endothelial cells, peri-
cytes, smooth-muscle cells, fibroblasts, etc.), extracellular
matrix (ECM), and physical parameters such as gradients
of oxygen, glucose, pH, and interstitial pressure (Chung
et al. 2005; Merlo et al. 2006; Lee et al. 2011). Further-
more, the tissue microhabitat is embedded within an
organ and organ complex within which molecules (growth
factors, metalloproteinases and/or angiogenic molecules,
etc.) diffuse readily (Chung et al. 2005). The landscape
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context of the tumor microhabitat can be seen as the spa-
tial distribution of components within and immediately
surrounding the tissue microhabitat.
The landscape structure of the tissue microhabitat can be
characterized by the composition, configuration, and heter-
ogeneity of the various components listed above. Briefly,
Table 1. Definitions of common terms used in ecology and landscape ecology and their relevance to tumor landscape ecology. Idem indicates that
the term, as defined in ecology and/or landscape ecology, does not differ as applied to cancer ecology.
Terms Defined within ecology or landscape ecology Applied to cancer ecology
Carrying capacity Population size that can be sustained over the long term
within a given area.
Maximum tumor size given the resources and space
available within the local tissue microhabitat.
Community Group of interacting species within a given area. Assemblage of two or more genotypically and
phenotypically distinct cancer cell populations within
the tumor.
Cover type A categorical classification of landscape features, based
on a set of observable characteristics, for example,
vegetation type.
A categorical classification of cell types, based on a set
of observable characteristics.
Ecosystem disturbance An event that disrupts an ecosystem sufficiently to change
its functioning, usually involves removal of biomass.
Rapid drop in local resources (glucose, oxygen, etc.),
chemotherapy, physical trauma or damage to tissue,
etc.
Functional connectivity Degree to which the landscape facilitates movement of
the species or species group among its habitat patches
Degree to which the tissue stroma facilitates
movement of cancer cells.
Grain size Average size (diameter or area) of the patches in a
landscape; a ‘coarse-grained’ landscape contains large
patches.
Idem
Habitat Area that is inhabited by a particular species of animal,
plant, or other type of organism.
Tissue microhabitat
Habitat patch A discrete area of habitat of the species/species group. A discrete area of habitat of the cancer cell population/
group of populations.
Landscape Area that is spatially heterogeneous in at least one
factor of interest.
Spatial distribution of the components within and
surrounding the local tissue microhabitat.
Landscape composition The cover types present in a landscape, and the amounts
of each.
Amount of each cell and macromolecule type within
the tissue microhabitat.
Landscape configuration Spatial distribution of the cover types in a landscape. Spatial distribution of each cell and macromolecule
type within the tissue microhabitat.
Landscape heterogeneity Diversity and pattern complexity of cover types in the
landscape; a landscape with more cover types in a more
complex configuration is more heterogeneous.
Complexity of the tissue microhabitat in both
composition and configuration of components.
Landscape matrix Nonhabitat part of the landscape (which could be
comprised of several cover types).
Idem
Landscape structure Composition, configuration, and heterogeneity of cover
types.
Composition, configuration, and heterogeneity of
noncancerous cells, extracellular matrix, and physical
parameters such as gradients of oxygen, glucose, pH,
and interstitial pressure
Long-distance dispersal (LDD) Movement of animals, plants, or other organisms to new,
usually separate habitats.
Metastasis
Population A discrete group of individuals of the same species, where
interactions among individuals in a population are much
more frequent than interactions among individuals in
different populations.
Group or cluster of cancer cells within a tumor that are
similar enough in genotype to have nearly in
distinguishable phenotypes.
Population growth Increase in the number of individuals in a population
over time.
Tumor growth
Scale Spatial or temporal dimension of an object or process,




Population model in which the population is divided
into discrete subpopulations, where dispersal among
subpopulations depends on their spatial relationships.
Idem
Spread/Invasion Expansion of a species into a local area not previously
occupied by it.
Tumor invasion of local tissue.
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landscape composition describes the types and amounts of
different components, whereas its configuration refers to
their spatial arrangement within the microhabitat land-
scape. Within terrestrial systems, landscape composition
has strong, direct effects on population dynamics and per-
sistence through its effects on reproduction and mortality,
whereas landscape configuration affects population dynam-
ics indirectly through its effects on interpatch movement
(Fahrig and Nuttle 2005).
Ecology of the tumor and tumor developmental process
Ecologists study the dynamics of communities of species
and their interactions with each other and their environ-
ment (Merlo et al. 2006). When applying an ecological per-
spective to human cancers, populations of cancer cells (i.e.,
tumor clones) that differ in heritable traits (genotypically
heterogeneous) can be considered distinct ‘species’ within
the tumor. Together, these populations make up the cancer
cell community that forms the tumor (Marusyk and Polyak
2010). The coexistence of phenotypically distinct popula-
tions of tumor cells should inevitably lead to the formation
of a network of biological interactions that drives selection
(Crespi and Summers 2005; Marusyk and Polyak 2010).
Some of the key interactions that are likely to exist between
distinct tumor clones are competition, antagonism, and
mutualism (Marusyk and Polyak 2010).
Another important aspect of tumor ecology is the poten-
tial of cancer cells to move into local or distant tissue mi-
crohabitats. Here, local tissue invasion by cancer cells can
be compared with the spread of animal or plant popula-
tions within a contiguous habitat, whereas cancer cell
metastasis is generally accepted to be closely comparable
with long-distance dispersal (LDD) as well as invasion and
spread of exotic species (Table 1) (Gatenby et al. 2009a, b;
Marco et al. 2009).
Effect of the tissue microhabitat landscape on
tumor growth, local invasion, and metastasis
Empirical and theoretical research on plant and animal
models have clearly established that resource availability
and distribution within a habitat and its landscape context
can significantly impact the density, spread, and long-dis-
tance dispersal of populations (MacArthur and Levins
1964; MacArthur and Pianka 1966; MacArthur and Wilson
1967; Bender et al. 1998; Fahrig 2003, 2007; Fahrig and
Nuttle 2005; Foley et al. 2005; Bacles et al. 2006; Coutts
et al. 2011; Minor and Gardner 2011; North et al. 2011).
Although the scale and environmental context of plant and
animal populations differ significantly from those of cancer
cells, enough similarities exist among them (Crespi and
Summers 2005; Merlo et al. 2006; Gatenby 2009; Marco
et al. 2009) that observations made on the former models
can serve, by analogy, to explain and even predict the
responses of the latter to landscape structure.
Size of the tissue microhabitat
In classical island biography theory (MacArthur and Wil-
son 1967), larger habitats (or patches) contain more
resources and therefore have larger carrying capacities than
smaller ones, leading to higher species richness and abun-
dance. Similar constraints also exist for cancer cell popula-
tions as primary tumors develop in tissue microhabitats
with varying resources and architectural constraints or bar-
riers (Greaves and Maley 2012). In some instances, tumors
could potentially develop in high-quality tissue microhabi-
tats (low nutritional or spatial constraints), resulting in lit-
tle competition between cancerous cells and increased
tumor growth. Conversely, large spatial/architectural and
resource constraints could increase significantly the compe-
tition between cancer cells, limiting the size of the primary
tumor. To our knowledge, this idea remains unexplored.
In addition to influencing population (or tumor) size,
habitat area can also be an important force driving local
and long-distance population dispersal (North et al. 2011).
Animals disperse for many reasons but mainly to avoid
intraspecific competition, particularly kin competition, in
the current site, and to take advantage of exploitable
resources elsewhere (Fahrig 2007). The larger and more
rich resources the habitat is, the lower the probability that
an individual will leave it, due to increased energy expendi-
ture and higher mortality risk; therefore, it is plausible to
expect that organisms should move only when the costs of
remaining outweigh the potential costs of leaving the habi-
tat (North et al. 2011). Cancer cells within the tissue
microhabitat are faced with the same trade-off (Polyak
et al. 2009; Marusyk and Polyak 2010; Lee et al. 2011).
Unlike animal models, cancer cells do not ‘decide’ to leave
the primary tumor habitat. That being said, recent evidence
has shown that, under poor conditions, selection favors
highly mobile, invasive, and metastatic cancer phenotypes
(Anderson et al. 2006; Lee et al. 2011). Therefore, the size
of the tissue microhabitat where the primary tumor devel-
oped is an important factor driving the selection for more
aggressive, invasive, and metastatic phenotypes.
Habitat size can also affect populations by influencing
the proportional amounts of edge and interior habitats
(Bender et al. 1998; Fagan et al. 1999). As previously dis-
cussed, species within natural communities often compete
for space and resources. One way to minimize competition
between coexisting species that use similar resources may
be to partition these resources in space or time to reduce
niche overlap (Pianka 1974; Pianka and May 1981). This
can give rise to different habitat or ‘niche’ specialists; for
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example, edge species are those associated primarily with
the perimeter of a habitat patch, while interior species are
those associated with the center of patches (Hayden et al.
1985; Freemark and collins 1992; Askins 1995; Bender et al.
1998). In a meta-analysis exploring the effect of habitat
patch size on population density, Bender et al. (1998)
revealed that populations of interior species decline as
patch size decreases, whereas the opposite effect is seen in
edge species, whose population densities increase as patches
become smaller and the proportional amounts of edge hab-
itat increases. Edge species are often more likely to disperse
to other habitats than interior species; for example, 90% of
Costa Rican migrant bird species are found inhabiting for-
est and canopy edges (Levey and Stiles 1992). This
increased propensity to disperse in edge species may result
from their association with the greater compositional and
structural complexity usually found at boundaries (Imbeau
et al. 2003). Therefore, smaller habitats favor edge species
that are more likely to disperse. Similarly, resource parti-
tioning and niche segregation were proposed as one of the
mechanisms involved in maintaining tumor heterogeneity
(analogous to species richness) (Nagy 2004; Marusyk and
Polyak 2010; Durrett et al. 2011). Here, cancer cells found
on the periphery of the tumor (edge specialist) are exposed
to, and shaped by, the tissue microenvironment as opposed
to those inside the tumor (Marusyk and Polyak 2010).
Interactions between tumor cells and microenvironment
have been shown to both shape malignant behavior and
promote tumor progression (Park et al. 2000; Liotta et al.
2001; Marusyk and Polyak 2010). In line with animal mod-
els in terrestrial habitats, small tissue microhabitats could
lead to higher cancer cells exposed to the microenviron-
ment, potentially leading to the selection of more aggres-
sive and invasive cancer cells.
Heterogeneity of the tissue microhabitat landscape
Since the groundbreaking work of MacArthur (MacArthur
and Levins 1964; MacArthur and Pianka 1966), ecologists
have been studying the impact of the spatial distribution of
resources on population dynamics as they can act as a
strong selective force, shaping animal life-history traits and
behaviors (Bolhuis and Giraldeau 2005). Spatio-temporally
variable landscapes may drive selection of traits that pro-
mote dispersal, as greater dispersal abilities and propensity
to disperse in these landscapes may confer fitness advanta-
ges, allowing individuals and populations to track available
resources and escape declining local conditions. Indeed,
animals that rely primarily on resources that are spatially
or temporally heterogeneous (predators, parasitoids, etc.)
are generally highly mobile and disperse readily, allowing
them to exploit several prey populations or resource
patches (Tscharntke and Brandl 2004; Frair et al. 2005;
Roshier et al. 2008). It has also been suggested that dis-
persal may act as a ‘bet-hedging’ strategy (Den Boer 1968),
and genotypes that result in higher dispersal abilities are
likely to have greater probabilities of persistence in the
landscape, as declines in local conditions or local extinc-
tions are less likely to result in the loss of this genotype
from the population (e.g., Friedenberg 2003). Interestingly,
it would also appear that cancer cells respond similarly to
spatial heterogeneity in resource availability. Indeed, using
a multi-scale mathematical model of cancer invasion,
Anderson et al. (2006) reported that simulated tumors
were much more invasive and aggressive in structurally
heterogeneous environments. Although the authors attrib-
uted the selection for more invasive and aggressive pheno-
types to lower resource availability, the spatial distribution
of resources could have also been an important selective
force driving invasiveness.
Another important landscape component that can influ-
ence the degree to which species or species groups move
among habitat patches (functional connectivity) is the
composition and configuration of the landscape matrix
(Goodwin and Fahrig 2002; Bender et al. 2003; Tischendorf
et al. 2003; Bender and Fahrig 2005). Indeed, the surround-
ing matrix of a habitat fragment is typically not homoge-
neous: it may contain patches of various cover types, for
example, agricultural fields, housing, etc., which could
affect the connectivity among habitat patches and poten-
tially influence meta- and local population structure and
dynamics (Marshall and Moonen 2002; Steffan-Dewenter
2003; Fahrig 2007). Through both computer simulations
and empirical observations, Bender and Fahrig (2005)
found that habitat patch size and isolation are poor predic-
tors of interpatch movement when the landscape matrix
contains many different cover types (heterogeneous matrix)
in a coarse-grained pattern. These authors suggest that fea-
tures in the matrix influence interpatch animal movement
rates, for example, they avoid cover types that are perceived
to be inhospitable or impermeable by going around them
(Bender and Fahrig 2005). Although cancer cells can engi-
neer the microhabitat around them, making it more hospi-
table (Castello-Cros et al. 2009), the composition and
arrangement of macromolecules within the extracellular
matrix have been shown to influence tumor growth and
invasiveness (De Wever and Mareel 2003; Anderson 2005;
Castello-Cros et al. 2009). Indeed, the spatial distribution
of molecules involved in cell adhesion and motility (lami-
nin, fibronectin, and vitronectin) can facilitate local tissue
invasion as well as intravasation (locally invasive carcinoma
cells entering into the lumina of lymphatic or blood vessels)
(Anderson 2005; Valastyan and Weinberg 2011).
A unique property of cancer cells is their ability to mimic
the gene expression profiles of noncancerous cell types
found in their environment (Chung et al. 2005; Pienta
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et al. 2008). In other words, cancer cells can acquire the
characteristics of noncancerous cells that are close by.
Therefore, the compositional heterogeneity of the tissue
microhabitat (proportion of different noncancerous cell
types found within the local microhabitat) can also have a
dramatic effect on tumor progression (Kenny and Bissell
2003; Merlo et al. 2006). The best documented example of
this effect is that of prostate cancer bone metastasis
(reviewed in Chung et al. 2005). In their review, Chung
et al. (2005) showed that genetic alterations in prostate
cancer cells alone are not enough to confer metastatic sta-
tus without a supporting tumor microenvironment. The
authors report that by acquiring the characteristics of other
cell types, such as osteoblasts and osteoclasts, cancer cells
are able to metastasize to distant bone and visceral organs
(tissue tropism) (Chung et al. 2005). Thus, the composi-
tional and configurational heterogeneity of components in
the tissue microhabitat do not only influence resource
availability and functional connectivity but also play a cru-
cial role in facilitating metastasis and may serve to explain,
at least in part, tissue tropism in certain cancers.
Disturbances within the tissue microhabitat
Habitat fragmentation can be characterized as a ‘landscape-
level’ disturbance, which is defined as a break or gap in the
habitat or landscape structure continuum (Bergelson et al.
1993; With 2002). Such disturbances are unanimously
acknowledged to influence the spread of invasive plants
(Bergelson et al. 1993; With 2002; Hastings et al. 2005; Me-
ulebrouck et al. 2009), as such breaks and gaps in fact serve
as habitats for these invasive plants, which is why they are
so commonly observed in disturbed areas such as roadsides
(Amor and Stevens 1976; Gelbard and Harrison 2003;
Switalski et al. 2004) and in grazed or cultivated fields
(Sawada et al. 1982; Bergelson et al. 1993). It is therefore
not surprising that size and distance between ‘gaps’ in the
habitat continuum have also been shown to influence inva-
sion, as these would be increasing the amount of habitat
for these species. Bergelson et al. (1993) showed that the
rate of spread of an invasive grass was sensitive to both the
gap size and the gap distribution; the invasive weed Senecio
vulgaris moved a greater distance within the habitat when
the gaps were large and closer together (Bergelson et al.
1993). Interestingly, invasion of new tissue habitats by
metastasizing cancer cells has also been shown to respond
positively to habitat availability generated specifically by
disturbances (De Wever and Mareel 2003; Marco et al.
2009). Indeed, tissue invasion by cancers appears to be
greatly facilitated by tissue damage or lesions; cancer inva-
sion is stimulated by wounding of the host tissue as shown
by rat colon adenocarcinoma cells that were transplanted
into experimentally induced subcutaneous granulation tis-
sue and in undisturbed subcutaneous tissue (Mareel et al.
1991; De Wever and Mareel 2003). Hence, one must also
take into consideration the presence, size, and distribution
of breaks (lesions or damage) within the tissue microhabi-
tat landscape, as these are also important to the metastatic
and tissue invasion processes.
Lessons from agricultural intensification and
species loss applied to cancer treatments
Ecological and evolutionary theory has not only improved
our understanding of cancer progression but has also led to
the development of several novel cancer therapies (Pienta
et al. 2008; Gatenby 2009; Gatenby et al. 2009b). One such
treatment option suggests that an efficient way to kill can-
cer cells may be to modify or target the tissue microhabitat
(stromal therapy), rendering it inhospitable to the multi-
plying cancer cells (De Wever and Mareel 2003; Pienta
et al. 2008; Greaves and Maley 2012). As expressed by Pien-
ta et al. (2008) ‘often, the most efficient way to kill a spe-
cies is to destroy its niche by altering the environment’.
This is an interesting proposal, but it has one significant
flaw; it is founded on the assumption that we can target
and eliminate or alter all potential niches for the different
cancer phenotypes within the habitat. Unfortunately, this
might not be possible. The recent and major changes to the
agricultural landscape, known as agricultural intensifica-
tion, provide an ideal framework to address this issue
(Robinson and Sutherland 2002).
Very briefly, agricultural intensification is characterized
by the transformation of heterogeneous, complex land-
scapes (extensive farmlands) to homogenous, simple
landscapes containing only fragments of natural or semi-
natural land (intensive farmlands) (Matson et al. 1997).
This process is considered to be one of the major drivers of
species loss worldwide (Benton et al. 2003; Green et al.
2005; Wilson et al. 2005). Although the majority of species
studied to date are negatively affected by agricultural inten-
sification (Burel et al. 1998; Donald et al. 2001; Benton
et al. 2002; Fahrig 2003; Wickramasinghe et al. 2004;
Barberi et al. 2010), some, however, are actually shown to
benefit from it (Burel et al. 2004; Flohre et al. 2011; Rags-
dale et al. 2011). In a study comparing the response of vari-
ous taxa to agricultural intensification, Burel et al. (2004)
reported that, although the total number of beetle species
remains the same between intensive and extensive farm-
lands, the species composition is drastically different. Here,
larger beetle species that inhabit forested habitats within
extensive farmlands are substituted for smaller, highly dis-
persive species adapted to high rates of disturbance (Burel
et al. 2004). By analogy, unless all potential niches in the
habitat are altered or eliminated, similar outcomes could
be expected for the impact of stromal therapy on the com-
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munity of cancerous cells forming the tumor. Then again,
one could argue that, in theory, stromal therapy could
work by ensuring that the only niches left are those select-
ing for less aggressive phenotypes. Regardless, an important
problem with stromal therapy, as we have already shown, is
that disturbances or changes in the structure of the tissue
microhabitat can have significant effects on tumor growth
and metastasis, and this not always to the advantage of the
patient. For this reason, unless we significantly improve
our understanding of the role played by the tissue micro-
habitat in governing tumor growth, we are forced to agree
with Polyak et al. (2009) that the side effects of ‘stromal
therapy’ could be serious and difficult to predict.
Conclusion
Although previous studies have clearly shown that ecologi-
cal interactions such as competition, mutualism, and
antagonism are likely to shape somatic evolution of cancer
cells (Crespi and Summers 2005; Marusyk and Polyak
2010), up until now, no study has placed these interactions
within a spatial context. Cancerous cell populations that
form the tumor community inhabit a heterogeneous tissue
microhabitat that has an important role in the tumor
development process. By placing tumors within a tissue
microhabitat landscape perspective, we were able to make
analogies with examples drawn from both theoretical and
empirical landscape ecology studies. We show that, as pre-
dicted by theory and in line with animal models, both the
size and spatial pattern (composition and configuration) of
the tissue microhabitat can drive selection toward more
aggressive, invasive, and dispersive phenotypes. This novel
work provides a compelling argument for the necessity of
taking into account the structure of the tissue microhabitat
when investigating tumor progression.
A recent and major objective for landscape ecologists has
been to enhance biodiversity within agro-ecosystems
through the alteration of landscape patterns without lower-
ing agricultural productivity (Fahrig et al. 2011). With this
task in mind, Fahrig et al. (2011) developed a new frame-
work for the study of population abundance and distribu-
tion within heterogeneous landscapes. They replaced the
classic ‘structural landscape heterogeneity’ approach, where
different cover types are classified by their physical charac-
teristics without reference to a particular species or species
group, with a ‘functional landscape heterogeneity’ frame-
work in which heterogeneity is based on the expected func-
tions (e.g., provision of food, nesting sites, dispersal routes)
provided by that heterogeneity to the species or species
group(s) of interest. This approach should produce models
of higher predictive power, with resulting improved con-
servation and management strategies. Although in its
infancy, the functional landscape framework could also
shed some much needed light into the importance of the
role played by the tissue microhabitat heterogeneity on
tumor development and metastasis by moving the focus
from definitions of tissue microhabitat constituents based
on cell type to definitions based on the functions they pro-
vide to the tumor community.
It is important to note that while we emphasize strong
similarities between the responses of animal and cancer cell
populations to landscape structure, this was done by the
way of analogy. An important next step would be to ascer-
tain the actual degree of similarity between these two sys-
tems. To demonstrate that predictions derived from the
landscape ecology literature are reliable, it will be impor-
tant to assess the proportion of scenarios where tumor
development fails to follow them; for example, the
responses of cancer cell populations to blood vessels in the
tissue microhabitat might be best predicted by animal pop-
ulation responses to rivers, to roads, to powerline cuts, or
to none of these. Furthermore, it would be important to
expand this framework to liquid tumors, which are notably
different than the solid tumors discussed herein, perhaps
through the use of the riverscape literature.
In sum, if we are to realistically meet the enormous tech-
nical and conceptual challenges of curing and preventing
cancer, interdisciplinary collaborations among oncologists,
biochemists, molecular and cellular biologists, evolution-
ists, and landscape ecologists are an important and crucial
step forward. Such collaborations should not only benefit
cancer research, but could also lead to new perspectives
into macroecology as well.
Acknowledgements
Simon P. Daoust is supported by a Fondation FYSSEN
Postdoctoral Fellowship. Frederic Thomas is supported by
the ANR (Blanc) project Bodyguard. Simon P. Daoust
would like to dedicate this work to his grandmother, Lise
Howard-Payette, for her inspiring bravery and strength in
the face of this terrible disease.
Literature cited
Aktipis, C. A., V. S. Y. Kwan, K. A. Johnson, S. L. Neuberg, and C. C.
Maley. 2011. Overlooking Evolution: A Systematic Analysis of Cancer
Relapse and Therapeutic Resistance Research. PLoS ONE 6:e26100.
Amor, R. L., and P. L. Stevens. 1976. Spread of weeds from a roadside
into sclerophyll forests at Dartmouth, Australia. Weed Research
16:111–118.
Anderson, A. R. A. 2005. A hybrid mathematical model of solid tumour
invasion: the importance of cell adhesion. Mathematical Medicine
and Biology 22:163–186.
Anderson, A. R. A., A. M. Weaver, P. T. Cummings, and V. Quaranta.
2006. Tumor morphology and phenotypic evolution driven by selec-
tive pressure from the microenvironment. Cell 127:905–915.
88 © 2012 The Authors. Evolutionary Applications published by Blackwell Publishing Ltd 6 (2013) 82–91
Landscape ecology of cancer Daoust et al.
Askins, R. A. 1995. Hostile landscapes and the decline of migratory song-
birds. Science 267:1956–1957.
Bacles, C. F. E., A. J. Lowe, and R. A. Ennos. 2006. Effective seed dis-
persal across a fragmented landscape. Science 311:628.
Barberi, P., G. Burgio, G. Dinelli, A. C. Moonen, S. Otto, C. Vazzana,
and G. Zanin. 2010. Functional biodiversity in the agricultural land-
scape: relationships between weeds and arthropod fauna. Weed
Research 50:388–401.
Bender, D. J., and L. Fahrig. 2005. Matrix structure obscures the rela-
tionship between interpatch movement and patch size and isolation.
Ecology 86:1023–1033.
Bender, D. J., T. A. Contreras, and L. Fahrig. 1998. Habitat loss and pop-
ulation decline: a meta-analysis of the patch size effect. Ecology 79:517
–533.
Bender, D. J., L. Tischendorf, and L. Fahrig. 2003. Using patch isolation
metrics to predict animal movement in binary landscapes. Landscape
Ecology 18:17–39.
Benton, T. G., D. M. Bryant, L. Cole, and H. Q. P. Crick. 2002. Linking
agricultural practice to insect and bird populations: a historical study
over three decades. Journal of Applied Ecology 39:673–687.
Benton, T. G., J. A. Vickery, and J. D. Wilson. 2003. Farmland biodiver-
sity: is habitat heterogeneity the key? Trends in Ecology and Evolution
18:182–188.
Bergelson, J., J. A. Newman, and E. M. Floresroux. 1993. Rates of weed
spread in spatially heterogeneous environments. Ecology 74:999–1011.
Bolhuis, J. J., and L. A. Giraldeau. 2005. The behavior of animals: mecha-
nisms, function, and evolution.Wiley-Blackwell, Hoboken, 536 pp.
Bozic, I., T. Antal, H. Ohtsuki, H. Carter, D. Kim, S. Chen, R. Karchin
et al. 2010. Accumulation of driver and passenger mutations during
tumor progression. Proceedings of the National Academy of Sciences
107:18545–18550.
Burel, F., J. Baudry, A. Butet, P. Clergeau, Y. Delettre, D. Le Coeur, F.
Dubs et al. 1998. Comparative biodiversity along a gradient of agri-
cultural landscapes. Acta Oecologica 19:47–60.
Burel, F., A. Butet, Y. R. Delettre, and N. Millan de la Pe~na. 2004. Differ-
ential response of selected taxa to landscape context and agricultural
intensification. Landscape and Urban Planning 67:195–204.
Cairns, J. 1975. Mutation selection and the natural history of cancer.
Nature 255:197.
Castello-Cros, R., D. Khan, J. Simons, M. Valianou, and E. Cukierman.
2009. Staged stromal extracellular 3D matrices differentially regulate
breast cancer cell responses through PI3K and beta1-integrins. BMC
Cancer 9:94–107.
Chen, J., K. Sprouffske, Q. Huang, and C. C. Maley. 2011. Solving the
puzzle of metastasis: the evolution of cell migration in neoplasms.
PLoS ONE 6:e17933.
Chung, L. W. K., A. Baseman, V. Assikis, and H. E. Zhau . 2005. Molecu-
lar insights into prostate cancer progression: the missing link of tumor
microenvironment. The Journal of Urology 173:10–20.
Colotta, F. 2011. Darwin contre le Cancer. Giovanni Fioriti Editore,
Rome, 258 pp.
Coutts, S. R., R. D. van Klinken, H. Yokomizo, and Y. M. Buckley. 2011.
What are the key drivers of spread in invasive plants: dispersal,
demography or landscape: and how can we use this knowledge to aid
management? Biological Invasions 13:1649–1661.
Crespi, B., and K. Summers. 2005. Evolutionary biology of cancer.
Trends in Ecology and Evolution 20:545–552.
Daoust, S. P., M. Belisle, J. Savage, A. Robillard, R. Baeta, and J. Brodeur
In press. Direct and indirect effects of landscape structure on a tri-tro-
phic system within agricultural lands. Ecosphere 3:94.
De Wever, O., and M. Mareel. 2003. Role of tissue stroma in cancer cell
invasion. The Journal of Pathology 200:429–447.
DenBoer, P. J. 1968. Spreading of risk and stabilization of animal num-
bers. Acta Biotheoretica 18:165–194.
Donald, P. F., R. E. Green, and M. F. Heath. 2001. Agricultural intensifi-
cation and the collapse of Europe’s farmland bird populations. Pro-
ceedings of the Royal Society of London. Series B: Biological Sciences
268:25–29.
Drake, N. 2011. Forty years on from Nixon’s war, cancer research
“evolves”. Nature medicine 17:757.
Durrett, R., J. Foo, K. Leder, J. Mayberry, and F. Michor. 2011. Intratu-
mor heterogeneity in evolutionary models of tumor progression.
Genetics 188:461–477.
Egeblad, M., M. G. Rasch, and V. M. Weaver. 2010. Dynamic interplay
between the collagen scaffold and tumor evolution. Current Opinion
in Cell Biology 22:697–706.
Fagan, W. F., R. S. Cantrell, and C. Cosner. 1999. How habitat edges
change species interactions. The American Naturalist 153:165–182.
Fahrig, L.1999. When is a landscape perspective important. In J. Wiens,
and M. Miss ,eds. Issues and perspectives in landscape ecology, pp. 3–
11. Cambridge University Press, Cambridge.
Fahrig, L. 2003. Effects of habitat fragmentation on biodiversity. Annual
Review of Ecology, Evolution, and Systematics 34:487–515.
Fahrig, L. 2007. Non-optimal animal movement in human-altered land-
scapes. Functional Ecology 21:1003–1015.
Fahrig, L., and W. K. Nuttle. 2005. Population ecology in spatially heter-
ogeneous environments. In G. M. Lovett, C. G. Jones, M. G. Turner,
and K. C. Weathers, eds. Ecosystem function in heterogenous land-
scapes, pp. 95–118. Springer, New-York.
Fahrig, L., J. Baudry, L. Brotons, F. G. Burel, T. O. Crist, R. J. Fuller,
C. Sirami et al. 2011. Functional landscape heterogeneity and ani-
mal biodiversity in agricultural landscapes. Ecology letters 14:101–
112.
Flohre, A., C. Fischer, T. Aavik, J. Bengtsson, F. Berendse, R. Bommarco,
P. Ceryngier et al. 2011. Agricultural intensification and biodiversity
partitioning in European landscapes comparing plants, carabids, and
birds. Ecological Applications 2:1772–1781.
Foley, J. A., R. DeFries, G. P. Asner, C. Barford, G. Bonan, S. R. Carpen-
ter, F. S. Chapin et al. 2005. Global consequences of land use. Science
309:570–574.
Frair, J. L., E. H. Merrill, D. R. Visscher, D. Fortin, H.L. Beyer, and J. M.
Morales. 2005. Scales of movement by elk (Cervus elaphus) in response
to heterogeneity in forage resources and predation risk. Landscape
Ecology 20:273–287.
Freemark, K., and B. Collins. 1992. Landscape ecology of birds breeding
in temperate forest fragments. In J. M. Hagan, and D. W. Johnson,
eds. Ecology and conservation of neotropical migrant landbirds, pp.
443–454, Smithsonian Institution Press, Washington.
Friedenberg, N. A. 2003. Experimental evolution of dispersal in spatio-
temporally variable microcosms. Ecology Letters 6:953–959.
Gatenby, R. A. 2009. A change of strategy in the war on cancer. Nature
459:508–509.
Gatenby, R. A., J. Brown, and T. Vincent. 2009a. Lessons from applied
ecology: cancer control using an evolutionary double bind. Cancer
Research 69:7499–7502.
Gatenby, R. A., A. S. Silva, R. J. Gillies, and B. R. Frieden. 2009b. Adap-
tive therapy. Cancer Research 69:4894–4903.
Gatenby, R. A., R. J. Gillies, and J. S. Brown. 2010. The evolutionary
dynamics of cancer prevention. Nature Reviews Cancer 10:526–
527.
© 2012 The Authors. Evolutionary Applications published by Blackwell Publishing Ltd 6 (2013) 82–91 89
Daoust et al. Landscape ecology of cancer
Gelbard, J. L., and S. Harrison. 2003. Roadless habitats as refuges for
native grasslands: interactions with soil, aspect, and grazing. Ecologi-
cal Applications 13:404–415.
Gonzalez-Garcıa, I., R. V. Sole, and J. Costa. 2002. Metapopulation
dynamics and spatial heterogeneity in cancer. Proceedings of the
National Academy of Sciences 99:13085–13089.
Goodwin, B. J., and L. Fahrig. 2002. How does landscape structure influ-
ence landscape connectivity? Oikos 99:552–570.
Greaves, M., and C. C. Maley. 2012. Clonal evolution in cancer. Nature
481:306–313.
Green, R. E., S. J. Cornell, J. P. W. Scharlemann, and A. Balmford. 2005.
Farming and the fate of wild nature. Science 307:550–555.
Hanahan, D., and R. A. Weinberg. 2011. Hallmarks of cancer: the next
generation. Cell 144:646–674.
Hastings, A., K. Cuddington, K. F. Davies, C. J. Dugaw, S. Elmendorf,
A. Freestone, S. Harrison et al. 2005. The spatial spread of inva-
sions: new developments in theory and evidence. Ecology Letters
8:91–101.
Hayden, T. J., J. Faaborg, and R. L. Clawson. 1985. Estimates of mini-
mum area requirements for Missouri forest birds. Transactions of the
Missouri Academy of Science 19:11–22.
Imbeau, L., P. Drapeau, and M. M€onkk€onen. 2003. Are forest birds cate-
gorised as “edge species” strictly associated with edges? Ecography
26:514–520.
Jemal, A., R. Siegel, E. Ward, Y. Hao, J. Xu, and M. J. Thun . 2009. Can-
cer statistics, 2009. CA: A Cancer Journal for Clinicians 59:225–249.
Kenny, P. A., and M. J. Bissell. 2003. Tumor reversion: correction of
malignant behavior by microenvironmental cues. International Jour-
nal of Cancer 107:688–695.
Lee, H. O., A. S. Silva, Y. S. Li, M. Slifker, R. A. Gatenby, and J. D.
Cheng. 2011. Evolution of tumor invasiveness: the adaptive tumor
microenvironment landscape model. Cancer Research 71:6327–6337.
Levey, D. J., and F. G. Stiles. 1992. Evolutionary precursors of long-dis-
tance migration: resource availability and movement patterns in Neo-
tropical landbirds. American Naturalist 140:447–476.
Liotta, L. A., and E. C. Kohn . 2001. The microenvironment of the
tumour-host interface. Nature 411:375–379.
MacArthur, R., and R. Levins. 1964. Competition, habitat selection, and
character displacement in a patchy environment. Proceedings of the
National Academy of Sciences of the United States of America
51:1207–1210.
MacArthur, R. H., and E. R. Pianka. 1966. On optimal use of a patchy
environment. American Naturalist 100:603–609.
MacArthur, R. H., and E. O. Wilson. 1967. The theory of island biogeog-
raphy. Princeton University Press. Princeton, 203 pp.
Marco, D. E., S. A. Cannas, M. A. Montemurro, B. Hu, and S. Y. Cheng.
2009. Comparable ecological dynamics underlie early cancer invasion
and species dispersal, involving self-organizing processes. Journal of
Theoretical Biology 256:65–75.
Mareel, M. M., P. De Baetselier, and F. M. Van Roy. 1991. Mechanisms
of invasion and metastasis. CRC Press. Boca Raton, FL.
Marshall, E. J. P., and A. C. Moonen. 2002. Field margins in northern
Europe: their functions and interactions with agriculture. Agriculture,
Ecosystems & Environment 89:5–21.
Marusyk, A., and K. Polyak. 2010. Tumor heterogeneity: causes and con-
sequences. Biochimica et Biophysica Acta (BBA)-Reviews on Cancer
1805:105–117.
Matson, P. A., W. J. Parton, A. G. Power, and M. J. Swift. 1997. Agri-
cultural intensification and ecosystem properties. Science 277:504–
509.
Merlo, L. M. F., J. W. Pepper, B. J. Reid, and C. C. Maley. 2006. Cancer
as an evolutionary and ecological process. Nature Reviews Cancer
6:924–935.
Meulebrouck, K., K. Verheyen, R. Brys, and M. Hermy. 2009. Metapopu-
lation viability of an endangered holoparasitic plant in a dynamic
landscape. Ecography 32:1040–1050.
Minor, E. S., and R. H. Gardner. 2011. Landscape connectivity and seed
dispersal characteristics inform the best management strategy for exo-
tic plants. Ecological Applications 21:739–749.
Nagy, J. D. 2004. Competition and natural selection in a mathematical
model of cancer. Bulletin of Mathematical Biology 66:663–687.
North, A., S. Cornell, and O. Ovaskainen. 2011. Evolutionary responses
of dispersal distance to landscape structure and habitat loss. Evolution
65:1739–1751.
Nowell, P. C. 1976. The clonal evolution of tumor cell populations. Sci-
ence 194:23–28.
Park, C. C., M. J. Bissell, and M. H. Barcellos-Hoff. 2000. The influence
of the microenvironment on the malignant phenotype. Molecular
Medicine Today 6:324–329.
Pianka, E. R. 1974. Niche overlap and diffuse competition. Proceedings
of the National Academy of Sciences 71:2141–2145.
Pianka, E. R., and R. M. May . 1981. Competition and niche theory. The-
oretical Ecology Principles and Applications 7:167–196.
Pienta, K. J., N. McGregor, R. Axelrod, and D. E. Axelrod. 2008. Ecologi-
cal therapy for cancer: defining tumors using an ecosystem paradigm
suggests new opportunities for novel cancer treatments. Translational
Oncology 1:158–164.
Polyak, K., I. Haviv, and I. G. Campbell. 2009. Co-evolution of tumor
cells and their microenvironment. Trends in Genetics 25:30–38.
Ragsdale, D. W., D. A. Landis, J. Brodeur, G.E. Heimpel, and N. Des-
neux. 2011. Ecology and management of the soybean aphid in North
America. Annual Review of Entomology 56:375–399.
Robinson, R. A., and W.J. Sutherland. 2002. Post-war changes in arable
farming and biodiversity in Great Britain. Journal of Applied Ecology
39:157–176.
Roshier, D. A., V. A. J. Doerr, and E.D. Doerr. 2008. Animal movement
in dynamic landscapes: interaction between behavioural strategies and
resource distributions. Oecologia 156:465–477.
Ryan, J., B. Dows, M. Kirk, X. Chen, J. Eastman, R. Dyer, and L. Kier .
2010. A systems biology approach to invasive behavior: comparing
cancer metastasis and suburban sprawl development. BMC Research
Notes 3:36–49.
Sawada, S., M. Takahashi, and Y. Kasaishi. 1982. Population dynamics
and production processes of indigenous and naturalized dandelions
subjected to artificial disturbance by mowings. Japanese Journal of
Ecology 32:143–150.
Singer, R. S., M. P. Ward, and G. Maldonado. 2006. Can landscape ecol-
ogy untangle the complexity of antibiotic resistance? Nature Reviews
Microbiology 4:943–952.
Steffan-Dewenter, I. 2003. Importance of habitat area and landscape
context for species richness of bees and wasps in fragmented orchard
meadows. Conservation Biology 17:1036–1044.
Switalski, T. A., J. A. Bissonette, T. H. DeLuca, C. H. Luce, and M. A.
Madej. 2004. Benefits and impacts of road removal. Frontiers in Ecol-
ogy and the Environment 2:21–28.
Tischendorf, L., D. J. Bender, and L. Fahrig. 2003. Evaluation of patch
isolation metrics in mosaic landscapes for specialist vs. generalist dis-
persers. Landscape Ecology 18:41–50.
Tscharntke, T., and R. Brandl. 2004. Plant-insect interactions in frag-
mented landscapes. Annual Reviews in Entomology 49:405–430.
90 © 2012 The Authors. Evolutionary Applications published by Blackwell Publishing Ltd 6 (2013) 82–91
Landscape ecology of cancer Daoust et al.
Turner, M. G., R. H. Gardner, and R. V. O’neill. 2001. Landscape ecol-
ogy in theory and practice: pattern and process. Springer Verlag, New
York, 416 pp.
Valastyan, S., and R. A. Weinberg. 2011. Tumor metastasis: molecular
insights and evolving paradigms. Cell 147:275–292.
Wickramasinghe, L. P., S. Harris, G. Jones, and N. Vaughan Jennings.
2004. Abundance and species richness of nocturnal insects on organic
and conventional farms: effects of agricultural intensification on bat
foraging. Conservation Biology 18:1283–1292.
Wiens, J. A. 1995. Habitat fragmentation: island v landscape perspectives
on bird conservation. Ibis 137:S97–S104.
Wiens, J. A., N. C. Stenseth, B. Van Horne, and R. A. Ims . 1993. Ecolog-
ical mechanisms and landscape ecology. Oikos 66:369–380.
Wilson, J. D., M. J. Whittingham, and R. B. Bradbury. 2005. The man-
agement of crop structure: a general approach to reversing the impacts
of agricultural intensification on birds? Ibis 147:453–463.
With, K. A. 2002. The landscape ecology of invasive spread. Conserva-
tion Biology 16:1192–1203.
© 2012 The Authors. Evolutionary Applications published by Blackwell Publishing Ltd 6 (2013) 82–91 91
Daoust et al. Landscape ecology of cancer
